Goldstein, 1997). The SREBPs are tripartite proteins protease (S2P), the enzymes that process SREBPs in whose NH 2 -terminal domains of ‫084ف‬ amino acids are response to cholesterol deprivation. ATF6 processing basic-helix-loop-helix-leucine zipper (bHLH-Zip) tranwas blocked completely in cells lacking S2P and parscription factors. This domain is followed by a memtially in cells lacking S1P. ATF6 processing required brane attachment domain of ‫09ف‬ amino acids consisting the RxxL and asparagine/proline motifs, known reof two transmembrane helices separated by a short hyquirements for S1P and S2P processing, respectively. drophilic loop. The COOH-terminal domain of ‫095ف‬ Cells lacking S2P failed to induce GRP78, an ATF6 amino acids plays a regulatory role. The SREBPs are target, in response to ER stress. ATF6 processing did oriented in a hairpin fashion with their NH 2 -terminal and not require SCAP, which is essential for SREBP pro-COOH-terminal segments facing the cytosol and the cessing. We conclude that S1P and S2P are required hydrophilic loop projecting into the ER lumen. for the ER stress response as well as for lipid syn-
. However, in contrast to the SREBPs where proline (NP), which is located near the middle of the the asparagine and proline are always adjacent, in ATF6 membrane-spanning helix and is 11 residues to the these two amino acids are separated by two residues COOH-terminal side of the cleaved bond (Ye et al., 2000) .
(tyrosine-glycine). Notably, the asparagine of the transSingle replacement of either the asparagine or the promembrane sequence and the first arginine of the RRHLL line reduces cleavage only slightly, but replacement of sequence are in the same positions as the correspondboth residues abolishes cleavage. Asparagine and proing residues of SREBPs relative to the predicted boundline often form the first and second residues, respecaries of the transmembrane domains. tively, of ␣ helices, thereby forming an NH 2 -terminal cap To study the proteolytic processing of ATF6, we con- (Richardson and Richardson, 1988) . This led to the hystructed a plasmid (pTK-HSV-ATF6) encoding human pothesis that cleavage by S2P requires the unwinding of ATF6 tagged with two copies of an 11-amino acid NH 2 -the portion of the transmembrane helix to the NH 2 -terminal terminal epitope derived from an HSV glycoprotein plus side of the Asn-Pro cap, thereby exposing the Leu-Cys a 10-residue spacer. The epitope-tagged ATF6 is exbond to proteolytic attack (Ye et al., 2000) . A precedent pressed under control of the HSV thymidine kinase (TK) for partial unfolding of a transmembrane helix, induced promoter, which gives a low but detectable level of exby proline, has been observed (Monné et al., 1999).
pression. pTK-HSV-ATF6 was introduced into HEK-293 A possible relation between the processing of ATF6 cells by transfection (Figure 2A ). To induce the unfolded and SREBP was suggested by the observation of an protein response, we incubated the HEK-293 cells for RxxL sequence in the lumen of ATF6 at a site that is 17 4 hr prior to harvest in the presence of tunicamycin. We residues from the transmembrane domain (Wang et al., also incubated the cells in the absence or presence of 2000) (J. Y., R. B. R., J. L. G., and M. S. B., unpublished N-acetyl-leucine-leucine-norleucinal (ALLN), an inhibiobservations). This is the same relative location as the tor of protein degradation by the proteasome. We in-RSVL sequence that is cleaved by S1P in SREBP-2 (Duncluded ALLN because previous studies have shown that can et al., 1997). In addition, ATF6 has an asparagine ALLN blocks the rapid degradation of nuclear fragments and a proline in its transmembrane domain, although of SREBPs, allowing them to be visualized in nuclear these are separated by two amino acids and are not extracts (Wang et al., 1994) , and we thought the same contiguous as they are in SREBP-2 (see Figure 1) . might apply to ATF6. After these treatments, the cells The current studies were designed to test the hypothwere harvested, and crude membrane pellets and nuesis that S1P and S2P participate in the processing of clear extracts were subjected to SDS-PAGE and blotted ATF6. For this purpose, we used lines of mutant CHO with an antibody against the NH 2 -terminal HSV tag on cells that are known to be deficient in S1P (Rawson et ATF6. The pTK-HSV-ATF6 plasmid produced a 95 kDa al., 1998) or S2P (Rawson et al., 1997) . These cells were band in the membrane fraction that corresponded to selected as cholesterol auxotrophs because they fail to the precursor form (denoted as P in Figure 2A ). When process SREBPs. Here we show that the S2P-deficient the cells were incubated with tunicamycin, a 65 kDa cells have a severe defect in processing of ATF6 and band appeared in nuclear extracts (designated N in Figthat the S1P-deficient cells have a partial defect. Furure 2A). This nuclear protein was barely visible in the thermore, we show that efficient processing of ATF6 in absence of ALLN (lane 3), and it was increased substanwild-type cells requires the RxxL recognition motif that tially in the presence of this inhibitor (lane 5). In the is required by S1P and the asparagine/proline combinamembrane fraction, tunicamycin induced a band designated as P* that migrated just below the precursor. We tion required by S2P. believe that this represents nonglycosylated ATF6 that was synthesized in the presence of tunicamycin. In all future experiments, we included ALLN to prevent the degradation of the nuclear form of ATF6.
To determine whether the cleavage of ATF6 is regulated by sterols in the same fashion as SREBPs, we measured the appearance of the nuclear form of ATF6 in cells that were incubated either in fetal calf serum (FCS) or in lipoprotein-deficient serum (LPDS) with or without added sterols ( Figure 2B ). As observed above, tunicamycin induced the appearance of nuclear ATF6 when cells were incubated in FCS (lane 3). A similar induction was seen in lipoprotein-deficient serum in the absence or presence of sterols (lanes 5 and 7, respectively). These data indicate that the cleavage of ATF6 is regulated independently of the cleavage of SREBPs. In Figure 2B , as in Figure 2A , we noted that tunicamycin also induced the appearance of a fragment in the membrane fraction that was of a similar size as the nuclear fragment (designated I in Figure 2B ). In part, this band may represent a contamination of the membrane fraction with nuclei. In part, it may also represent an intermediate in the cleavage of ATF6. The evidence for the latter hypothesis is discussed below.
To further test for the independence of regulation of ATF6 and SREBPs, we transfected HEK-293 cells with reporter cDNAs encoding luciferase under control of a promoter containing a polymerized ATF6 response element ( Figure 2C ) or a polymerized SREBP response element ( Figure 2D ). The cells were assayed for luciferase activity after incubation for 16 hr in lipoprotein-deficient serum in the absence or presence of sterols and in the absence or presence of tunicamycin. The data were normalized for transfection efficiency by measurement of ␤-galactosidase activity generated by a cotransfected plasmid encoding ␤-galactosidase under control of the unregulated CMV promoter. A similar assay was shown previously to reflect tunicamycin-induced activation of ATF6 (Wang et al., 2000) and sterol-regulated activation of SREBPs (Rawson et al., 1998) . The assay demonstrated that the ATF6 luciferase reporter construct was activated by tunicamycin, and this response was not affected by sterols ( Figure 2C ). The SREBP reporter was active in the absence of sterols and mark- edly reduced in the presence of sterols ( Figure 2D ). TuniThe membrane fraction of the SRD-12B cells showed a band that migrated slightly slower than the I form. We camycin did not activate the SREBP reporter under either condition. designated this as band X, and we discuss it in more detail below. SRD-13A cells, which lack SCAP, proWe next performed a series of experiments in wildtype and mutant CHO cells to determine whether ATF6 duced nuclear ATF6. Production was high in the absence of tunicamycin, and there was no further induction processing requires the same proteins that are required for SREBP processing. When we transfected the pTKwhen tunicamycin was added (lanes 11 and 12). Again, we believe that the high basal level of processing of HSV-ATF6 construct into wild-type CHO cells, we noted one difference from the behavior of HEK-293 cells.
ATF6 in the absence of tunicamycin was due to overexpression of ATF6 in CHO cells (see Discussion). Whereas HEK-293 cells exhibited little cleavage of the transfected ATF6 in the absence of tunicamycin (Figures
To determine whether the protease-deficient cell lines could mount a normal regulatory response to unfolded 2A and 2B), the CHO cells showed appreciable cleavage, and the cleaved fragment appeared in nuclear extracts proteins, we transfected the cells with the plasmid encoding luciferase driven by the promoter containing the ( Figure 3A, lane 2) . We believe that this cleavage is attributable to a partial stimulation of the unfolded propolymerized ATF6 binding site. After transfection, the cells were incubated in the presence or absence of tunitein response by the overproduction of HSV-tagged ATF6. For unknown reasons, CHO cells are more sensicamycin, and luciferase activity was measured ( Figure  3B ). In wild-type CHO cells, luciferase activity increased tive to this overproduction than are the HEK-293 cells. Despite this high level of background cleavage, the CHO 6-fold in response to tunicamycin. This relative dependence on tunicamycin was greater than the tunicamycincells showed an increase in the nuclear fragment when tunicamycin was added ( Figure 3A, lane 3) . M19 cells, dependence of ATF6 cleavage ( Figure 3A, lanes 2 and 3) . We attribute this difference to the fact that the luciferase which lack S2P, did not produce any nuclear form of ATF6 with or without tunicamycin. Instead, we observed reporter experiments do not require overproduction of ATF6 but depend on endogenous ATF6 (see Discusa membrane-bound intermediate form (I) (lanes 5 and 6), which we believe is the fragment produced by Site-1 sion). In S2P-deficient M19 cells, luciferase activity was low in the absence of tunicamycin and rose only slightly cleavage (see below). SRD-12B cells, which lack S1P, cleaved transfected ATF6, but the efficiency of proafter tunicamycin treatment. In S1P-deficient SRD-12B cells, luciferase activity was also low, but it was partially cessing was decreased as judged by the reduced ratio of nuclear fragments to precursor (lanes 8 and 9) comstimulated by tunicamycin, reaching maximal levels that were one third of the induced level in the wild-type CHO pared with that in wild-type CHO cells (lanes 2 and 3) .
were blotted with an antibody against the HSV tag (Figure 4) . When pTK-HSV-ATF6 was transfected alone, we detected a small amount of cleaved nuclear ATF6 and a small amount of band X in the membrane fraction (lane 2). There was no change when tunicamycin was added (lane 3). When we transfected the cDNA encoding wildtype S1P and incubated the cells with tunicamycin, the nuclear fragment of ATF6 increased substantially (lane 4). In the membrane fraction, a band appeared that migrated slightly faster than band X. We believe that this lower band represents the intermediate that is produced by Site-1 cleavage. The control plasmid encoding inactive S1P did not produce an increase in the nuclear fragment, nor did band I appear (lane 5).
If some of the ATF6 processing is mediated by S1P, then the processing should be reduced when the amino acids at the S1P recognition site are replaced. We therefore produced a series of cDNAs encoding HSV-tagged ATF6 with mutations in the RRHLL sequence that contains two overlapping RxxL motifs that are potential Figure 3A and 3B indicate that S2P S1P recognition site begins with the second arginine of is required for ATF6 cleavage but SCAP is not required. the RRHLL sequence, and, therefore, the recognition The requirement for S1P is only partial. sequence is RHLL. If this is the case, cleavage should To further test the hypothesis that S1P participates occur after the second leucine (L419; see Figure 1 ). A in ATF6 processing, we corrected the defect in the S1P-stringent test of this hypothesis lies in the replacement deficient SRD-12B cells by transient transfection with a of L419 with valine. This highly conservative substitution cDNA encoding wild-type S1P. As a control, we used a removes only one methyl group, yet in SREBP-2 the cDNA that encodes an inactive version of S1P with the corresponding mutation severely reduces S1P cleavage active-site serine replaced with an alanine (S414A) (Sa-(Duncan et al., 1997). As shown in Figure 5 , the L419V kai et al., 1998b). The cells were also transfected with mutation in ATF6 severely reduced the amount of the nuclear fragment (lanes 11 and 12). Moreover, it led to pTK-HSV-ATF6, and membrane and nuclear extracts Four hours later, the cells were harvested and fractionated, and aliquots of nuclear extracts (30 g protein) and membranes (10 g protein) were subjected to SDS-PAGE and immunoblot analysis. Filters were exposed for 7 s. P, P*, X, I, and N denote the precursor, precursor with no glycosylation, band X, intermediate, and nuclear forms of HSV-tagged ATF6, respectively.
ence of tunicamycin, but the intermediate form (I) was observed in the membrane fraction (lanes 2 and 3). When wild-type S2P was coexpressed in the presence of tunicamycin, the nuclear form appeared (lane 4). In contrast, when catalytically inactive S2P was expressed, no nuclear form was observed (lane 5).
To assay the effect of S2P on endogenous ATF6-dependent transcription, we used the luciferase assay that was described in Figure 3 . As shown in Figure 6B , in wild-type CHO cells tunicamycin induced high levels of expression of luciferase that was produced from a plasmid containing five copies of the ATF6 binding site.
The induction was much less in the S2P-deficient M19 cells. The induction was restored to normal in a stable line of M19 cells in which S2P expression had been restored by transfection with wild-type S2P. Luciferase induction was not restored when a stable line of M19 cells expressed the inactive mutant version of S2P (H171F).
To determine whether the asparagine and proline of the ATF6 transmembrane sequence (Figure 1 ) are required for cleavage by S2P, we produced ATF6 cDNAs in which these residues were substituted individually or together with amino acids that are known to abolish cleavage when substituted into the NP sequence of SREBP-2 (Figure 7) . Upon transfection into HEK-293 cells, wild-type ATF6 was cleaved to generate a nuclear fragment in a tunicamycin-dependent fashion (lanes 3 and 4). Neither the N391F mutation nor the P394L mutation abolished cleavage (lanes 5-8). However, when both residues were replaced, cleavage was abolished (lanes 9 and 10). These results parallel the results with SREBP-2, treated either with tunicamycin or thapsigargin, the amount of immunodetectable GRP78 rose (Figure 8,  lanes 2 and 3) . This induction did not occur in S2P-a major increase in band X, thereby reproducing both deficient M19 cells (lanes 5 and 6). Induction occurred effects that were generated by the R416A mutation. The in the stable line of M19 cells that had been transfected finding of a requirement for an arginine at the potential with the cDNA encoding wild-type S2P (lanes 8 and 9) P4 position and a leucine at the presumed P1 position but not in the cells expressing the catalytically inactive provides strong support for the hypothesis that S1P H171F mutant (lanes 11 and 12) . Figure 8B shows that participates in ATF6 processing.
the level of expression of the wild-type S2P and the To document the role of S2P in ATF6 processing, we inactive H171F mutant of S2P were similar in the two introduced pTK-HSV-ATF6 into S2P-deficient M19 cells stably transfected cell lines, as determined by immuby transfection together with a cDNA encoding either noblotting. wild-type S2P or an inactive mutant with a replacement of a crucial histidine at the zinc binding site (H171F) (Rawson et al., 1997 ). Membrane and nuclear extracts Discussion were immunoblotted with the anti-HSV antibody ( Figure  6A ). In the absence of S2P, no cleaved form of ATF6
The current data expand the roles of the Site-1 and Site-2 proteases beyond the regulation of lipid metabolism, was observed in nuclear extracts in the absence or pres- , processing was not blocked when either of these residues was replaced singly, but processing with a cDNA encoding epitope-tagged ATF6, mutant CHO cells lacking S2P showed no detectable nuclear was completely blocked when the two residues were replaced simultaneously (Figure 7 ). ATF6 fragment after treatment with tunicamycin ( Figures  3 and 6) , and this was restored by expression of wildIn order to obtain physiologically relevant data in transfection experiments, we found it necessary to limit type S2P but not a catalytically inactive mutant ( Figure  6 ). The requirement for S1P was less complete. Thus, the amount of ATF6 that was produced. In experiments not shown, when we used the strong CMV promoter to mutant CHO cells lacking S1P generated a reduced but detectable amount of nuclear ATF6 (Figures 3 and 4) , drive expression of epitope-tagged ATF6, we observed constitutive cleavage in the absence of ER stress. This and this defect was erased by transfection of a cDNA encoding wild-type S1P but not a catalytically inactive cleavage occurred in the absence of S1P and S2P, and it generated fragments whose sizes differed from those mutant (Figure 4) . The conclusions reached from the studies with mutant generated by the S1P-and S2P-dependent reactions. We believe that these bands arise from adventitious CHO cells are supported by experiments with wild-type HEK-293 cells. In these cells, processing of ATF6 recleavage of the highly expressed ATF6 by proteases that do not process this protein when it is present at quired arginine and leucine at the P4 and P1 positions of the putative S1P recognition site (Figure 5) , which is the physiologic levels. A similar type of problem was observed by Haze et al. (1999) . We partially overcame this same specificity that applies to cleavage of SREBP-2 by 1-3), M19 cells (lanes 4-6) , and M19 cells stably transfected with either HSV-tagged wild-type S2P (lanes 7-9) or HSV-tagged mutant S2P (H171F) (lanes 10-12) were set up at a density of 1 ϫ 10 6 per 60 mm dish. On day 1, the cells received either tunicamycin (2 g/ml) or thapsigargin (300 nM) as indicated. After incubation for 16 hr, the cells were harvested and fractionated, and aliquots of membranes (20 g protein) were subjected to SDS-PAGE and immunoblot analysis with anti-KDEL antibody as described in Experimental Procedures. Filters were exposed to film for 2 s. . By analogy with SREBPs, showed a strong and consistent requirement for ER stress in order to exhibit appreciable amounts of nuclear it seems likely that ATF6 must leave the ER in order to be processed and that this exit may be triggered by the ATF6 (Figure 5) .
In light of the potential concerns arising from experiaccumulation of unfolded proteins in the ER. Clearly SCAP is not required for this transport, since ATF6 is ments in which ATF6 is overproduced by transfection, we paid special attention to the experiments with the processed normally in mutant cells that lack SCAP (Figure 3, lanes 11 and 12) . The mechanism for the proposed ATF6-driven luciferase reporter plasmid, which relied on ER retention of ATF6 and its postulated regulated exit endogenous ATF6 and did not involve overexpression from this organelle are now open to study. of ATF6. This experiment and others like it (not shown) confirmed the requirement for S1P and S2P in order to bound. This alternate cleavage occurs to an appreciable extent only when Site-1 cleavage fails to take place.
Cell Culture
The current findings raise the immediate question of 
